Animal behavioral paradigms, such as classical conditioning and operant conditioning, 35 are an important tool to study the neural basis of cognition and behavior. These paradigms 36 involve manipulating sensory stimuli in a way that learning processes are induced under 37 controlled experimental conditions. However, the majority of the commercially available 38 equipment did not offer flexibility to manipulate stimuli. Therefore, the development of 39 most versatile devices would allow the study of more complex cognitive functions. The 40 purpose of this work is to present a low-cost, customized and wireless-operated chamber 41 for animal behavior conditioning, based on the joint operation of two microcontroller 42 modules: Arduino Due and ESP8266-12E. Our results showed that the auditory 43 stimulation system allows setting the carrier frequency in the range of 1 Hz up to more 44 than 100 kHz and the sound stimulus can be modulated in amplitude, also over a wide 45 range of frequencies. Likewise, foot-shock could be precisely manipulated regarding its 46 amplitude (from ~200 μA to ~1500 μA) and frequency (up to 20 pulses per second). 47 53 54 Animal behavioral paradigms have long played an important role in understanding 55 the underlying neurobiological mechanisms of learning and memory processes; 56 ubiquitously considered one of the greatest challenges in Neuroscience (Squire, 2009). In 57 Classical or Pavlovian Conditioning, animal innate or reflex responses become evocable 58 by stimuli that are usually neutral (such as sound or visual stimuli), if previously paired 59 with an emotionally relevant stimuli, characterizing the basis of an associative learning 60 process (Kim and Jung, 2006). Using a more appropriate terminology, the conditioned 61 responses (CR) are established under an appropriate contingency of unconditioned 62 stimulus (US) presentations paired with the conditioned stimulus (CS) occurrences 63 (Baron, 1959; Holland, 1977). Proper controls undergo the exact same procedure aside 64 from the fact that CS or US can be presented alone or CS is not paired in time with the 65 US (Rescorla, 1967) . Although the laboratory equipments designed to perform such 66 associative learning protocols are supposedly fairly simple, the price can be prohibitive 67 for small budget projects and they are usually quite inflexible in terms of controlling and 68 programming the stimuli. The latter may constitute a drawback for the design of 69 customized behavioral paradigms which may use amplitude modulated stimuli in order 70 to isolate neural circuitry involved in the sensory processing by means of steady state 71 evoked responses (Lockmann et al., 2017; Pinto et al., 2017). In addition, the study of 72 more complex cognitive and behavioral processes becomes impracticable, since they 73 require more sophisticated and robust means of controlling contextual parameters and 74 interacting with the animals (Cushman et al., 2013). 75 Fortunately, custom development of laboratory tools is becoming more feasible 76 with the advances in technology (Buccino et al., 2018; Pineño, 2014; Siegle et al., 2017; 77 Sinard and Gershkovich, 2012; White et al., 2019). Mainly, low-cost commercially 78 available microcontroller modules have recently achieved a high level of integration and 79 processing power, encouraging their acquisition and use in research laboratories. 80 Arduino, for example, is an attractive hardware and software open-source solution 81 (D'Ausilio, 2012) to program several different families of microcontrollers for a number 82 of different consumer needs (Pineño, 2014; Teikari et al., 2012). 83 Considering this scenario, the purpose of our work is to present a customized, 84 low-cost, microcontrolled and wireless-operated device for animal behavior conditioning. 85 We propose a scalable architecture, based on Arduino Due board and ESP8266-12E 86 module, which allows adding different sensory stimuli and behavioral feedback aside 87 from what we chose to depict in this work (i.e. programmable sound stimulation waves 88 and electric shock). Likewise, other elements, such as sensors, actuators and 89 touchscreens, can be easily integrated to the apparatus by connecting them to innumerous 90 general-purpose input/output (GPIO) pins available, or through digital communication 91 protocols, like I2C, UART or SPI. This allows the design of a low-cost widely equipped 92 apparatus and eases the development of customized behavioral paradigms. 93 94 95 METHOD 96 97 SYSTEM OVERVIEW 98 99 The main electronic components of the custom conditioning chamber are the 100 ESP8266-12E module (https://www.adafruit.com/product/2491) and the Arduino Due 101 board (https://store.arduino.cc/usa/due). The first one is an internet-of-things device from 102 4 Espressif company, available since 2014. It has a Tensilica L106 32-bit microcontroller 103 and an 80 MHz CPU clock. It operates at 3.3 V and supports WiFi (IEEE 802.11 g/b/n), 104 I2C, SPI and UART communication protocols. Eleven GPIO pins and 32 kB RAM are 105 available in the module. The ESP8266 is used here mainly as a programmable and flexible 106 user interface, presented on a web page format, to allows users to write and read 107 parameters to the device without the need of physically implementing buttons, knobs and 108 displays. 109 The Arduino Due is a 32-bit microcontroller board based on the Atmel SAM3X8E 110 ARM Cortex-M3 CPU. It has a 84 MHz CPU clock, 54 digital input/output pins, 12 111 analog inputs, 2 DAC (digital to analog) and can communicate through SPI, I2C, UART 112 and USB. 113 Both modules are programmed with an Arduino sketch (Web_Page.ino for the 114 ESP8266-12E and Stimuli.ino for the Arduino Due) with specific assignments and they 115 cooperate to produce all the apparatus functionality. The modules communicate with each 116 other via a 16-bit serial peripheral interface (SPI) and through digital signaling via two 117 GPIO pins. In the scope of this work, systems for auditory and electrical stimulation 118 (footshock) were implemented, stimuli that can be used as CS and US, respectively, in 119 behavioral paradigms (Figure 1). 120 The auditory stimulating system consists of a 12-bit digital-to-analog converter 121 (DAC; available at Arduino Due board), a commercial audio amplifier and a speaker. The 122 footshock system, in turn, is formed by a high DC-voltage (310 VDC) supply circuit in 123 series with a current limiting resistor, significantly higher than the animal's resistance, in 124 series with a variable resistor in order to deliver a short pulse of constant current through 125
Finally, adult rats exposed to a protocol of cued fear conditioning in our device showed 
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the bars on the chamber. The footshock system was designed to limit stimulus intensity 126 between ~200 μA and ~1500 μA and can be manually set by a potentiometer and an 127 ammeter. Embedded electronics were designed to have only one bar under the animal, at 128 a specific time, serving as current sink. The rate that bars are "scanned" and the duration 129 of each shock pulse are programmable. The user interface for operating the apparatus was 130 developed in a web interface, implemented in HTML within the Web_Page.ino sketch, 131 making it not only very flexible and comprehensive in terms of controlling system 132 parameters. Parameters such as sound and shock onset (seconds), shock pulses intervals 133 between bars (milliseconds to seconds), sound intensity (%), sound carrier frequency (Hz) 134 and modulating frequency (Hz) can be remotely programmed to perform the experiments. 135 In addition, each added trial can be saved by simply insert the parameters into a sequence 136 and loaded it in later experimental sessions ( Figure 2 ). Thus, behavioral paradigms can 137 be easily configured using iPads, smartphones, notebooks or any device with a Wi-Fi 149 In order to deliver the shock through the bars, a 127 VAC : 220 VAC transformer 150 (0.03 kVA) raises and isolates the AC voltage from the electric grid. A diode rectifier 151 bridge (2KBP06M; 600 V / 2A) and electrolytic capacitor (10 μF / 350 V) at the rectifier 5 output produce a constant voltage of approximately 310 VDC. The high voltage end passes 153 through a current limiting resistor, set to a maximum of 1-2 mA, and then through a 154 variable resistor in order to "fine tune" the output current. The current remains fairly 155 stable since both resistors are within an order of magnitude higher than the conductance 156 changes expected from the animal stepping on the bars and closing the circuit. Finally, a 157 series of simple common-emitter circuits, using bipolar transistors (BC547B) as switches 158 are used to drive optocouplers (PC817) in order to deliver a current pulse to each 159 individual bar, therefore guaranteeing that whatever combination of bars the animal is 160 stepping on will still deliver the foot shock. The bars are sequentially "scanned" at a 161 programmable interval and the pulse duration can also be set by the user. The Arduino 162 Due board outputs a set of digital signals that control each bar potential. Altogether, this 163 constitutes an aversive stimulating system for US presentations ( Figure 3E ).
164
A 12-bit digital-to-analog converter at Arduino Due is used to generate analog 165 waveform. The algorithm behind signal generation is the following: 1) a set of 8 points 166 (2 bytes each) form the template of a sinusoidal waveform -or any period of a 167 programmable signal -that will be repeated at the carrier frequency. Thus, the sampling 168 frequency (fa) of the D/A output will be 8 times that of the carrier frequency (fc). 2) The 169 amplitude of each 8 sample block will be proportionally given by each byte of a sequence 170 of bytes representing the modulation frequency (fm). That is, the sequence of bytes is 171 composed by a minimum of fa/(fm . 8) bytes repeated up to the duration set by the user. 172 In this way, we were able to generate quite a variety of stimulation waveforms at a very The validation of the customized apparatus was made in two steps. At first, bench 198 tests were carried out in order to verify the correct functionality of the circuits, safety 199 specifications and firmware for CS and US presentation before using the system in a On the second day (conditioning), the behavioral task took place in the context B, 293 which is the custom chamber proposed in this work (with 0.001% acetic Acid solution 294 scented). The rats were randomly assigned to paired (n = 5) or unpaired (n = 5) groups 295 and similarly to the day 1, five CS stimuli were presented, however five US were applied. 296 The US consisted of a 400 μA current applied through metal bars on the floor over 2 s The quantitative data are expressed as means ± standard error of the mean (SEM). 370 The approximation to the normal distribution was confirmed by the Kolmogorov- 
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Bench test -CS and US stimuli. Figure 4G ) remains constant over time. 393 Regarding the aversive sensory stimulus, it also exhibited precisely configurable 394 patterns, both temporal (number of pulses per second) and intensity (in μA) ( Figure 6C) . 395 In addition, the footshock system showed little susceptibility to changes on animal body 396 conductance. A 25 % deviation around the 20 kΩ simulated rat resistance caused, in the 397 worst case (R = 25 kΩ), a corresponding variation of only 4.74% (about 18 μA) in the 398 expected shock intensity, which was 400 μA ( Figure 6F ). We understand that the effect 399 of this on the experimental protocol is negligible and does not harm the behavioral data 400 obtained with the custom box. 401 It is worth noting that this slight variation in shock intensity was only possible 402 because the operating voltage of the shock circuitry is relatively high. The 310 VDC 403 potential requires resistors of 300 kΩ or more to limit the shock intensity under 1000 μA. 404 Since the animal resistance is much smaller than 300 kΩ, the shock intensity is largely 405 determined by the resistors in the electronic circuitry rather than by the animal itself. 406 It should be noted that the Stimuli.ino and Control_Box.ino sketches can be easily 407 modified to specify which bars will be used to apply footshock. This allows creating 408 different spatial patterns of aversive electrical stimulation, which in turn makes it possible 409 to perform different behavioral tasks.
411
Classical fear conditioning with an amplitude modulated tone 412 413
Over the past decade, many studies have shown that auditory fear conditioning is The proposed conditioning chamber has an auditory stimulation system which 461 exhibited versatility in programming stimuli characteristics (carrier frequency, 462 modulating frequency, intensity and duration). Furthermore, the equipment also has an 463 aversive stimulation system, based on footshocks applied through electrified bars. 464 Footshock intensity and duration, as well as the number of constant-current pulses per 465 second, can be properly adjusted. 466 It is important to highlight that the versatility regarding the auditory stimulation 467 system has an important application in providing a characteristic spectral signature in LFP 468 electrophysiological recordings of brain structures processing the sensory stimuli. Hz ± 3 Hz for 30 seconds before CS onset compared to the 30 seconds of CS presentation (n = 5 animals; before CS vs. CS period; t(4) = 11.42, p = 0.0003). D) Representative time course of delta phase values at 53.7 Hz ± 3 Hz ( − ) extracted from the Hilbert coefficients (grey) and CS trials (light red). E) Delta phase vectors computed for 250 ms time windows during CS presentation (grey lines) and the respective estimate mean phase values (red lines). The numbers above the polar plots represents the phase coherence of each trial during CS presentation. F) Representative time course of instantaneous oscillatory frequency estimated at 53.7 Hz ± 3 Hz from the changes in the SSEP phase angles (grey) and CS trials (light red). G) Distribution of instantaneous oscillatory frequencies over trials for 30 seconds before CS onset (light grey) and 30 seconds of CS presentation (light red) and their respective cumulative distributions. Two Sample Kolmogorov-Smirnov test was used to test whether the two samples come from the same distribution (n = 5 animals; before CS vs. CS period delta phase angles distributions; KS = 0.3343, p < 0.0001).
